Spatially explicit simulation of long-term boreal forest landscape dynamics: incorporating quantitative stand attributes by Pennanen, Juho et al.
Spatia
Juho
Abstract
Spatial si
potential dis
the forest sta
a submodel
Compared to
manner: (1)
Stand develo
within a reas
simulations
conditions a
well as testin
© 2004 Elsevi
Keywords: Fo
1. Introdu
The bor
(e.g., insec
∗ Correspo
fax: +1 358 9
E-mail add
0304-3800/$
doi:10.1016/jEcological Modelling 180 (2004) 195–209
lly explicit simulation of long-term boreal forest landscape
dynamics: incorporating quantitative stand attributes
Pennanena,∗, David F. Greeneb, Marie-Jose´e Fortinc, Christian Messierd
a Department of Forest Ecology, University of Helsinki, P.O. Box 27, FIN-00014, Finland
b Department of Geography, Concordia University, 1455 de Maisonneuve W., Montre´al, Que´., Canada H3G 1M8
c Department of Zoology, University of Toronto, 25 Harbord St., T
d De´partement des Sciences Biologiques, Universite´ du Que´bec a`
Succursale Centre-ville, Montre´al, Que´., Cana
Received 10 June 2003; accepted 3 Februa
mulation models of long-term dynamics of forest landscapes are n
turbance regimes determine the structure and dynamics of forest la
nd and landscape processes. Hence, while interested in the boreal fo
of stand-level forest dynamics that responds to the landscape-level p
the LANDIS model that we used as a starting point, our approach in
stand-level prediction of basal area and tree volume, and (2) seed
pment is partly based on growth tables given as model input which m
onable range. We tested the approach in simulating the developmen
demonstrate that stand dynamics can be calibrated to match specific
re realistic. This new modeling approach should allow addressing
g, alternative silvicultural and forest management scenarios.
er B.V. All rights reserved.
rest succession model; LANDIS; Landscape model; Seed dispersal; Spatia
ction
eal forests are influenced by both natural
t epidemics, wildfires) and anthropogenic
nding author. Tel.: +1 358 9 191 58144;
191 58100.
ress: juho.pennanen@helsinki.fi (J. Pennanen).
(logging a
operate at
erating a c
et al., 19
(Greene et
The onl
different d
and develo
– see front matter © 2004 Elsevier B.V. All rights reserved.
.ecolmodel.2004.02.023oronto, Ont., Canada M5S 3G5
Montre´al, Case Postale 8888,
da H3C 3P8
ry 2004
eeded for investigating how different actual or
ndscapes. We propose a new approach to bridge
rest dynamics at the landscape level, we develop
rocesses in a spatially explicit landscape model.
corporates, in a spatially explicit and quantitative
dispersal, and sexual and asexual regeneration.
eans that stand submodel behavior is constrained
t of mixed boreal forests of Quebec, Canada. The
targets and that responses to changes in the initial
various theoretical questions and developing, as
lly explicit
ctivities) disturbances. These disturbances
multiple spatial and temporal scales, gen-
omplex forested landscape mosaic (Levin
97) and influencing forest regeneration
al., 1999).
y way to evaluate the long-term impacts of
isturbance regimes on forest regeneration
pment at the landscape scale is by means
196 180 (2
of model s
Baker, 199
ing can be u
consequenc
regimes (M
els can also
variability
current bio
2002; Penn
Spatially
scape dyna
tioning on
level proce
seed disper
actions am
affect indi
structures c
Our goa
forest stand
logical and
landscape-
sal. In term
this paper w
and volum
(2) simulat
generation
stand-repla
and (4) is
and large-s
Then, in
should be u
even when
be amenab
empirical d
detailed sta
curate estim
are availab
The basi
to design a
ment with a
in cohort vo
detail in th
submodel a
act reasona
and to cha
However, t
it can be pa
wanted the
perati
s with
ne pos
odel o
here a
cape l
dels t
itable
; Paca
aker,
, 200
; Mess
is papJ. Pennanen et al. / Ecological Modelling
imulations (Shugart, 1998; Mladenoff and
9; Messier et al., 2003). Simulation model-
sed to evaluate the economic and ecological
es of different management and harvesting
essier et al., 2003; Fall et al., 2004). Mod-
be used to explore the historical or natural
of the forest landscapes, under which the
logical diversity has evolved (Kuuluvainen,
anen, 2002; Wimberly, 2002).
explicit simulation models of forest land-
mics need to incorporate processes func-
two levels of spatial hierarchy: landscape
sses (e.g., fire, insect outbreaks, harvesting,
for o
scape
O
ing m
tor. T
lands
of mo
be su
1993
and B
mann
2002
Thsal) affect several patches or mediate inter-
ong the patches, and patch-level processes
vidual forest patches, responding to the
reated by the landscape-level processes.
l was to develop a model which incorporates
processes in enough detail to estimate eco-
economic values, as well as simulates the
level processes of disturbance and disper-
s of model scope, the specific targets for
ere that the model: (1) tracks the basal area
e of each tree species in each forest patch,
es quantitatively seed dispersal and tree re-
in a spatially explicit manner, (3) simulates
cing and non-stand-replacing disturbances,
suitable for long-term (100–10 000 years)
cale (103–106 ha) simulations.
terms of model applicability, the model: (5)
seful for exploratory and theoretical studies
parameterization data are limited, (6) should
le to calibration and parameterization using
ata on stand development or the output of
nd-level models, and (7) should produce ac-
ates when sufficient parameterization data
le.
c challenge tackled in this paper is therefore
nd integrate a submodel of stand develop-
landscape simulator. Simulating the change
lume or basal area requires a certain level of
e description of stand dynamics. The stand
lso needs to be mechanistic enough to re-
bly to different types of disturbance events
nges in seed input from the surroundings.
he submodel should be simple enough that
rameterized with reasonable effort. We also
computing requirements to be low enough
forest simu
level fores
above goa
ment build
(Mladenoff
FIN-LAND
2002). The
Q-LAND,
tree cohort
in LANDIS
hort data w
We test the
of boreal m
2. Model s
2.1. Gener
The dyn
consists of
and seed d
of regenera
tion (Fig. 1
sign (Penn
cohort attr
production
was design
DIS model
1999), thro
generation,
and Kuuluv
Followi
represented
where eac
able cell s004) 195–209
on on standard PCs when simulating land-
10 000–1 000 000 grid cells.
sibility would be to use or modify an exist-
f stand development in a landscape simula-
re numerous simulation models of stand and
evel forest dynamics, but we are not aware
hat directly or after small adjustment would
for our purpose (Bossel, 1991; Botkin,
la et al., 1993; Shugart, 1998; Mladenoff
1999; Urban et al. 1999; Barrett, 2001; Bug-
1; Bugmann et al., 2001; Hynynen et al.,
ier et al. 2003).
er describes an approach to landscape level
lation, focusing on the sub-model for stand-
t dynamics, and shows that it meets the
ls to a large extent. Our model develop-
s from recent developments of the LANDIS
et al., 1996; He and Mladenoff, 1999) and
IS models (Pennanen and Kuuluvainen,
starting point in developing the new model,
is the addition of quantitative attributes to
s, which are used to describe the tree layer
. The possibility of adding quantitative co-
as already suggested by He et al. (1999).
Q-LAND model by simulating dynamics
ixedwood forests in Quebec, Canada.
tructure and processes
al approach
amics of our Q-LAND landscape model
landscape-level processes of disturbance
ispersal, as well as stand-level processes
tion, growth, mortality and seed produc-
). Q-LAND adds to the FIN-LANDIS de-
anen and Kuuluvainen, 2002) quantitative
ibutes and quantitative calculation of seed
and dispersal. The FIN-LANDIS model
ed by modifying and expanding the LAN-
(Mladenoff et al., 1996; He and Mladenoff,
ugh adding detail to the simulation of tree re-
stand structure and fire behavior (Pennanen
ainen, 2002).
ng Mladenoff et al. (1996), a landscape is
by a raster map of 102–106 square cells,
h cell represents a forest stand. Reason-
ize is 1–10 hectares, as between-cell tree
Fig. 1. Flow
scape process
raster cell are
competitio
input are as
The simula
(e.g., 5 or
resented by
of a speci
step. This c
VAFS/STA
Our solu
of tree grow
simple idea
tables that
give quanti
basal area,
of cohort a
The growth
or produceJ. Pennanen et al. / Ecological Modelling 180 (2
chart of Q-LAND. During one model iteration, land-
es are first simulated, then the stand processes for each
simulated.
n is not simulated and vegetation and seed
sumed to be spatially uniform within cells.
tion proceeds in time steps of fixed length
10 years). Trees in a forest stand are rep-
cohorts. Each cohort comprises the trees
es that established during the same time
ohort-based data structure is inherited from
NDSIM of Roberts (1996).
tion to the problem of decoupling the details
th from landscape dynamics is based on the
that simulated tree cohorts follow growth
are given as model input. The growth tables
tative attributes of the tree cohorts, such as
volume and tree dimensions as a function
ge, tree species and site quality (Table 1).
tables may be based on empirical models
d by stand-level simulation models.
Table 1
A growth tab
Michx.)
Age (years)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
Data by Pothi
Quebec with
of cohort den
Most em
ment of eve
alistic stand
in varying p
there is no
in such com
contain inf
and tree gr
The form
a conceptu
ritories, ea
A cohort oc
tree of the
the sole oc
hort. The te
landscape
the territori
variable ca
canopy coh
attributes s
the values
density, wh
obtained di
The init
on the num
taking into
in the stan004) 195–209 197
le used for trembling aspen (Populus tremuloides
Density Basal area (m2/ha) Volume (m3/ha)
1 0 0
0.992 3.6 4.8
0.984 10.8 43
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0.490 20.8 220
0.187 8.9 111
0 0 0
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d terminal velocity for the simulated species and the correspondingSeed mass Terminal velocity Seed
0.0004 0.35 0.46
0.0005 0.55 0.57
0.002 1 0.76
0.0022 0.66 0.63
0.0065 0.86 0.72
cal, seed near, seed far are proportions of seeds that are deposited within
landscape, respectively. The tree species are trembling aspen, paper birch (
.), white spruce (Picea Glauca (Moench) Voss), and balsam fir (Abies bals
eration density
sity of seedlings contributing to cohort es-
t depends on seedling survival. Based on
Johnson (1998), seedling survival on good
ineral soil and decomposed logs) is
1 − exp(−1.83 m0.43)), (5)
r (‘poor’) seedbeds
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the average seed mass (g) of the tree species.
edling survival is
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tor of 100 for this species.
fic parameters for the simulations, apart from ones affecting seed dispersal
Grow Shade Veg S tot B bed
6 1 0.01 72900 0.015
2 2 0 56600 0.026
3 3 0 46300 0.038
1 3 0 57600 0.025
7 1 0.1 7600 0.014
juvenile growth rate ranking (1 = low, 7 = high); shade = shade toleran
m2 of parent basal area; S tot = number of seedlings produced by 1 m2 of s
ing survival on poor seedbeds relative to survival on good seedbeds; curve
stablishment coefficient; S bckgr = background seeding that every cell rece
calibration. S-bckgr varied between simulations.
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3 0.303 0.233
5 0.353 0.0721
2 0.234 0.00378
5 0.331 0.0337
1 0.269 0.00969
the source cell, on the eight neighboring cells, and on
Betula papyrifera Marsh.), eastern white cedar (Thuja
amea (L.) Mill).
Curve Gap reg S bckgr
betu.cur 0.90 26282
pice.cur 0.06 95401
abie.cur 0.46 2242
thuj.cur 0.14 1088
popu.cur 0.50 8810
ce (1 = low, 3 = high); veg = number of vegetative
ource tree basal area, assuming all seedbeds are good;
= filename for the default growth table; gap reg = late
ives, determined similarly to S tot. Gap reg values are
reproduction may occur following the
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Fig. 3. (A–D) Simulated development of stand composition after a disturbance in four different scenarios (see text for description of scenarios).
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